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vABSTRACT
To investigate the role of wind forcing, bottom
topography and thermohaline gradients on classical as well
as unique features of the Leeuwin Current system (LCS),
five experiments are conducted with a sigma coordinate,
primitive equation model on a beta-plane. The first
experiment, which investigates the pressure gradient force
error, shows that velocity errors, inherent in three
dimensional sigma coordinate models, can be successfully
reduced from ~100 cm/s to ~1 cm/s in the LCS. The second
experiment, which highlights the effect of annual wind
forcing on a flat bottom with horizontally averaged
climatology, portrays some classical features of eastern
boundary currents such as an equatorward surface current
and upwelling. The third experiment uses horizontally
averaged climatology and annual winds, but adds realistic
topography to investigate its role in the LCS. This
results in a different upwelling pattern and a poleward
surface current inshore of the main equatorward current.
The fourth experiment uses annual temperature and salinity
values to investigate the effects of the thermohaline
gradient without the annual wind over topography. The
addition of the thermohaline gradient drives a strong
poleward (equatorward) surface current (undercurrent). The
final experiment attempts to model the LCS using full
climatology and annual winds over realistic topography.
The results show that despite equatorward winds, the
thermohaline gradient continues to force a surface poleward
current (equatorward undercurrent).
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1I. INTRODUCTION
The Leeuwin Current is a thermally driven, anomalous,
surface eastern boundary current (EBC). It flows poleward
over the continental shelf break (~200 m) off the coast of
western Australia to Cape Leeuwin (see Figure 1) and then
eastward into the Great Australian Bight (Cresswell and
Golding, 1980). There is general agreement (Godfrey and
Ridgway, 1985) that the Leeuwin Current is generated by a
meridional pressure gradient resulting from the large
amount of heating in the equatorial region and excessive
cooling near the poleward region that overwhelms the
equatorward wind stress. The source for the Leeuwin
Current is predominantly an alongshore steric height
gradient due to tropical Pacific water from the Indonesian
throughflow (Godfrey and Ridgway, 1985, Hirst and Godfrey,
1993), augmented by geostrophic inflow from the west
(McCreary et al., 1986; Thompson, 1987). As a result of
this strong inflow of subtropical water towards the coast,
the Leeuwin Current intensifies poleward (Batteen et al.,
1992). The Leeuwin Current flows most predominantly but
not exclusively in the austral autumn and winter (Church et
al., 1989). The surface poleward current along the
Australian west coast is weakest and shallowest between
November and January when the equatorward wind stress is at
a maximum, with the period of strongest and deepest flow
between March and May when the equatorward wind stress is
at a minimum.
The Leeuwin Current is unlike other subtropical EBCs.
The major subtropical EBCs such as the California, Canary,
2Peru, and Benguela Currents are wind-driven and
characterized by climatologically weak (<10 cm/s), broad
(~1000 km wide), cold surface flows towards the equator in
the direction of the prevailing winds; a poleward
undercurrent; a shallow (<30 m depth) thermocline and high
biological production due to vast regional upwelling
(Parrish et al., 1983). Observational studies along the
coast of western Australia have shown that the Leeuwin
Current is characterized by a strong (>150 cm/s at times),
narrow (<100 km wide), poleward surface current that flows
opposite the prevailing wind direction (Cresswell and
Golding, 1980; Godfrey et al., 1986), anomalous warm water
at the surface, a deep (>50 m depth) thermocline (Thompson,
1984), and lower biological production due to vast regions
of downwelling (Batteen et al., 1992).
Below the Leeuwin Current, an anomalous equatorward
undercurrent is present off western Australia (Church et
al., 1989). Smith et al. (1991) stated that the speed of
the undercurrent can reach ~30 cm/s between ~250 m and 350
m and observed that current meter data from the LUCIE
experiment showed the equatorward current to be narrow and
confined to the continental shelf slope between ~250 m and
450 m. Although there is evidence of a westward flow of
~20 cm/s centered between ~400 m and 700 m depth off the
southern coast at ~116° E (Cresswell and Peterson, 1993), no
studies to date have clearly resolved whether the existence
of a westward undercurrent in this region.
Previous numerical modeling studies by Batteen et al.
(1992) investigated the effects of annual climatological
wind forcing and initialized thermohaline gradients on the
3Leeuwin Current System (LCS), but the study was limited to
the coast off western Australia and did not include the
influence of topography. Batteen and Butler (1998)
examined the effects of continuously forced annual Indian
Ocean thermohaline gradients on the LCS and extended the
domain to include both the western and southwestern coasts
of Australia. Tworek (2000) investigated the effects of
seasonal forcing on the LCS with a full primitive equation
ocean model but again only considered flat bottom cases.
This study seeks to extend prior efforts in this area
by including the addition of realistic topography, allowing
a better understanding of the LCS by including the
influences of topography. The Princeton Ocean Model (POM),
a bottom-following sigma coordinate model, was chosen for
this study because it has been widely used to simulate
coastal processes associated with continental shelf flows
and bottom boundary layer dynamics. The results of several
numerical experiments (Table 1) are explored. Each
experiment includes the effects of thermohaline forcing at
the four open boundaries on a beta plane. In Experiment 1
velocity errors produced by the pressure gradient force
error, an error inherent in all three-dimensional sigma
coordinate models, are determined using horizontally
averaged annual climatology with bottom topography and no
wind forcing. In Experiment 2 the horizontally averaged
annual climatology is used with annual wind forcing on a
flat bottom. Experiment 3 repeats Experiment 2 but with
the addition of bottom topography. To explore the roles of
wind and bottom topography on the LCS, the results of
Experiments 2 and 3 are compared to each other. These two
experiments are more typical of EBC regions other than the
4LCS; they are presented to highlight the wind field forcing
without the thermohaline gradient. The final two
experiments are more representative of the LCS due to
inclusion of the annual climatology. Experiment 4 shows
the effects of thermohaline forcing over topography without
wind forcing. Experiment 5 is the most complete and
accurate representation of the LCS. This final experiment
incorporates realistic bottom topography with the annual
wind and thermohaline forcing from Experiment 4.
This study is organized as follows. In section II we
describe the numerical model and the specific experimental
conditions. The results of the numerical experiments are




The topographic data of the study region was obtained
from the Institute of Geophysics and Planetary Physics,
University of California San Diego (Sandwell and Smith,
1996). The data set has a resolution of 2 minutes (1/30 of
a degree) based upon a 30-year compilation of bottom echo
soundings by ships. Where the ship data is sparse,
altimetry information was used to interpolate soundings.
Annual temperature and salinity values were obtained
from Levitus and Boyer (1994) and Levitus et al. (1994).
These data sets incorporate a 1 by 1 degree horizontal
resolution at the vertical levels shown in Table 2.
For wind forcing, climatological wind fields were
obtained from the European Center for Medium Range Weather
Forecasts (ECMWF) near-surface wind analyses (Trenberth et
al., 1990). The wind data are formulated on a 2.5 by 2.5
degree grid.
All experiments were performed on a beta-plane with a
realistic coastline.
B. PRE-PROCESSING
The original topography (Figures 2a and b) was
interpolated with a Gaussian filter to the resolution used
in the model, i.e., 10 km by 10 km offshore, 3 km by 10 km
alongshore and 3 km by 3 km around the southwest corner of
Australia, with a total of 252 by 226 points. The highest
6resolution was positioned around the southwest corner of
Australia with higher resolution in a north-south band
overlapping an east-west band of higher resolution (Figure
3). This was done to minimize the slope parameter (defined





, where H is the average
depth and δH is the difference in depth between two adjacent
cells), which is greatest along the shelf. Since over much
of the area the slope parameter was greater than 0.2, which
is the suggested maximum value to be used in sigma
coordinate models (Mellor et al., 1998), the topography was
first smoothed with a 2D Gaussian filter. The new depth of
each point calculated with this filter is a Gaussian-
shaped, weighted average of 25 by 25 points with a standard
deviation of 8. After initial smoothing, all depths
greater than 2500 m were reassigned to a depth of 2500 m.
Land was assigned a depth of 20 m (to avoid division by
zero in the model). Any remaining areas that exceeded a
slope parameter of 0.2 were manually filled to achieve an
acceptable slope parameter. The new topography is shown in
Figures 4a and 4b.
The annual temperature and salinity values were
interpolated for the horizontal spatial resolution of the
model and for the 21 vertical sigma levels (Table 3 and
Figure 5) using a three-dimensional (3D) linear
interpolation scheme. The interpolation had to be done
separately for the smoothed topography and flat bottom
experiments due to the change in vertical levels between
these two topographies. The annual temperature and
7salinity fields at the surface (sigma level one) are shown
in Figures 6 and 7, respectively.
The daily seasonal winds were averaged over time in
order to obtain the annual non-weighted average wind vector
field (Figure 8). The wind vectors were interpolated for
the horizontal spatial resolution of the model with a 2D
linear interpolation scheme. The components of the wind
stress were then calculated.
C. BRIEF MODEL DESCRIPTION
The Princeton Ocean Model, POM, a well documented
model (e.g., Blumberg and Mellor, 1987; Mellor, 1996), was
used in the model studies. POM is a primitive equation,
free surface model with a second moment turbulence closure
scheme (Mellor and Yamada, 1982) that, through the use of
bottom-following sigma levels, can realistically simulate
processes associated with continental shelf flows and
bottom boundary layer dynamics in local domains (e.g.,
bays, estuaries and coastal regions). Recently, the model
has been used successfully to simulate decadal processes in
entire ocean basins (Ezer and Mellor, 1994,1997).
As described earlier, the resolution of the horizontal
grid varies between a minimum of 3 km by 3 km and a maximum
of 10 km by 10 km (Figure 3). The varying grid allows the
use of more (fewer) points in regions of large (small)
gradients.
The 21 sigma levels used are shown in Figure 5 and
Table 3. The sigma values range from zero at the surface
to minus one at the bottom with the vertical grid spacing
8proportional to the ocean depth. The vertical resolution
has been chosen to be higher near the surface and the
bottom in order to resolve both the surface boundary layer
(SBL) and the bottom boundary layer (BBL) which are
important in coastal regions. To eliminate the time
constraints for the vertical grid related to the higher
resolution near the surface, bottom and shallow waters, an
implicit vertical time differencing scheme was used.
The prognostic variables of the model are potential
temperature, salinity, density, the three components of
velocity, surface elevation, turbulent kinetic energy and
length scale. The model uses a split time step for the
external and internal modes. The external mode solves the
equations for the vertically integrated momentum equations.
It also provides the sea surface and barotropic velocity
components, and has a time step of 4 seconds. The internal
mode solves the complete 3D (baroclinic) equations and has
a time step of 180 seconds.
A Smagorinsky formulation (Smagorinsky et al., 1965)
is used for the horizontal diffusion in which the
horizontal viscosity coefficients depend on the grid size,
the velocity gradients and a coefficient. In this study a
value of 0.2 was assigned to this coefficient, consistent
with other POM studies (e.g., Ezer and Mellor, 1997).
D. INITIALIZATION, FORCING AND BOUNDARY CONDITIONS
The model was initialized with annual temperature and
salinity values obtained from Levitus and Boyer (1994) and
Levitus et al. (1994). Since the model runs reached a
quasi-equilibrium state in a relatively short time (~60
9days), zero salinity and temperature fluxes were prescribed
at the ocean surface. The climatological surface
temperature (Figure 6) shows a latitudinal decrease in
temperature within the domain with the warmest water at
each latitude near the coast. The climatological salinity
(Figure 7) shows a maximum of ~38.9 psu at the center of
the western edge of the model domain and minima in the
north (~35.3 psu) at the coast and along the southern edge
(~35.1 psu). The first three experiments use horizontally
averaged values of annual temperature and salinity such
that the surface temperature and salinity initialized over
the entire domain are ~19.8°C and ~35.39 psu respectively.
The model was forced from rest with the annual ECMWF
wind fields, which were interpolated for the model grid.
As expected, the wind stress is westerly in the southern
region of the model domain and south-southeasterly along
the west coast. The SSE winds strengthen with latitude,
away from Australia (Figure 8).
Correct specification of the open boundary conditions
(BC) is important to achieve realistic results, with no
reflections, clamping, spurious currents or numerical
alteration of the total volume of water in the model. No
general criterion is currently available that can provide
the answer to what boundary conditions are the best for a
specific model or study. For models with a free surface,
such as used here, one of the important criterion is that
the BCs should be transparent to the waves. In this model,
a gradient boundary condition (Chapman, 1985) which allows
geostrophic flow normal to the boundary worked best for the
elevation. For the baroclinic velocity components normal
10
to the boundary, an explicit wave radiation scheme based on
the Sommerfield radiation condition was used. For inflow
situations, the model was forced with annual temperature
and salinity values obtained from Levitus and Boyer (1994)
and Levitus et al. (1994), while in outflow situations an
advection scheme was used. A volume constraint was used to
ensure the volume remained constant (Marchesiello et al.,
2001).
For the barotropic velocity components, a Flather
radiation plus Roed local solution (FRO) was used. Palma
and Matano (2000) showed good results with the FRO solution
during BC tests to determine the BCs response to an
alongshelf wind stress. Palma and Matano (1998) also
showed that the FRO BC demonstrated good reflection
properties and results in a test that determined the BC
response to the combined action of wind forcing and wave
radiation. Their tests were executed with the barotropic
version of POM and compared with benchmark results (no
boundary conditions).
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III. RESULTS FROM MODEL SIMULATIONS
A. PRESSURE GRADIENT FORCE ERROR DETERMINATION
In this first experiment, the model was initialized at
rest with horizontally averaged annual climatological
temperatures and salinities. A realistic coastline and
bottom topography were used but no wind or thermohaline
forcing was permitted.
With horizontally averaged climatology and no forcing
mechanisms, we would expect that nothing will happen, i.e.,
the initial state of rest should be maintained. Due to
pressure gradient force errors, however, this will not be
the case and there will be velocities that result from
these errors.
Velocity errors induced by the pressure gradient force
are unavoidable in 3D sigma-coordinate models. Two types
of sigma-coordinate errors exist, the sigma error of the
first kind (SEFK) and of the second kind (SESK), as defined
by Mellor et al. (1998). The first one goes to zero
prognostically by advecting the density field to a new
state of equilibrium. The second one, a vorticity error,
is the most important because it does not vanish with time,
and is present in both 2D and 3D cases.
There are several techniques to reduce the pressure
gradient errors:
1. Smoothing the topography can reduce both SEFK and
SESK. In particular, the slope parameter should not
be greater than 0.2 (Mellor et al., 1998). Greater
12
values can artificially induce currents over 1 m/s.
2. Using the highest possible resolution can reduce
the errors, since the pressure gradient error
decreases with the square of the horizontal and
vertical grid size.
3. Subtracting the horizontally averaged density
before the computation of the baroclinic integral
reduces the SESK.
4. Using a curvilinear grid that follows the
bathymetry reduces the SESK.
This study used the first three techniques. The use
of a curvilinear grid was not employed since the first
three techniques successfully reduced the error to an
acceptable level.
To show where the velocity errors are present in the
model domain, the velocity field for day 60 at sigma level
1 (surface) is shown in Figure 9. As expected, maximum
velocities of ~1 cm/s are found along the coast where the
slope parameter is the greatest. These results are similar
to those obtained by Martinho (2001) and indicate that with
the use of the three error reduction techniques, the
pressure gradient force error has been considerably reduced
(~1 m/s).
13
B. WIND EFFECTS ON A FLAT BOTTOM
This experiment seeks to highlight the role of wind
forcing alone in the Leeuwin Current System (LCS). Toward
this end, the model was initialized with horizontally
averaged annual climatological temperatures and salinities
over a flat bottom. A realistic coastline was used and the
model was forced with the annual climatological winds.
By day 20 (Figure 10a) the southeasterly winds along
the west coast have caused weak upwelling as evidenced by
the coldest water at the coast from Shark Bay in the north
to near Perth in the south. A weak equatorward current has
developed off Perth. The offshore upwelling and westward
current in the northeast corner of the domain is likely due
to speed divergence in the annual wind field as it
accelerates away from the coast. The water temperature at
the coast has decreased about 0.5°C from the initial value.
At day 40 (Figure 10b) the coastal upwelling continues
to increase north of 31°S, although it remains near the
coast with little offshore extent. The weak equatorward
current present off the coast near Perth remains ~10 cm/s.
By day 60 (Figure 10c) the coastal current has
increased to ~40 cm/s and is now evident continuously from
the eastern boundary, around the southwest corner, and up
the coast to the northern boundary of the model domain. A
typical cross-section (Figure 10d) taken at 34.3°S (westward
off Cape Leeuwin) depicts the north-south velocity of the
coastal current as well as a deep (1200-1700 m) poleward
undercurrent. The undercurrent is broader (~100 km) and
weaker (~20 cm/s) than the surface current.
14
C. WIND EFFECTS OVER TOPOGRAPHY
To isolate the effect of the wind field from
thermohaline effects, the model was again initialized with
horizontally averaged annual climatological temperatures
and salinities. The same coastline and annual
climatological winds were used; however, the local
topography was introduced instead of a flat bottom.
By day 20 (Figure 11a) coastal upwelling has developed
as in the previous case but it is not as strong. It is
also apparent that the upwelling is less widespread than in
the flat bottom case. There is also a weak equatorward
current off Perth of ~10 cm/s as well as the area of likely
speed divergence creating some offshore upwelling in the
northwest.
At day 40 (Figure 11b) the upwelling, while less
extensive, now appears to be just as cold with the coldest
water in both cases ~19°C. Little upwelling is noted at
28°S in this experiment; but with the flat bottom, this area
experienced some of the strongest upwelling. No upwelling
is observed south of about 32°S and it remains localized in
two areas north and south of 28°S.
By day 60 (Figure 11c), while the upwelling remains
localized, (centered in the two areas around 27°S and 29°S),
the equatorward current has moved farther offshore and
strengthened to a maximum of ~80 cm/s at the surface.
Inshore of the main current, a weaker (~20 cm/s) poleward
current has formed and is evident down to 30°S. It is
visible in the cross-section from 29°S (Figure 11d) where
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one would expect the Leeuwin Current to be visible (above
the 200 m isobath) but not in the cross-section from Cape
Leeuwin (34.3°S) (Figure 11e). This poleward current is
likely forced by shear in the annual wind field as the wind
increases seaward in the cross-shore direction.
The addition of topography appears to hinder upwelling
even with upwelling favorable winds. It also allows the
creation of a poleward current trapped against the coast,
even without a pressure gradient to force it. The results
from experiments 2 and 3 are typical for EBC regions other
than the LCS.
D. THERMOHALINE FORCING OVER TOPOGRAPHY
This experiment is initialized with full annual
climatology but without wind forcing. It uses the same
coastline and is run over the local topography. It
introduces conditions unique to the LCS.
By day 20 (Figure 12a) a poleward coastal current has
developed with a maximum velocity of ~80 cm/s. It is
evident from the northern edge of the domain around the
southwest corner of Australia to the eastern edge. This
current advects warm water south with temperatures off Cape
Leeuwin approaching 23°C. In addition to the coastal
current, there is also a broad movement of offshore water
to the south.
By day 40 (Figure 12b) the coastal current remains
strong at ~80 cm/s. It continues to advect warm water
poleward, with temperatures off Cape Leeuwin reaching 25°C.
Several eddies have also begun to spin up; a dipole pair is
16
evident southwest of Cape Leeuwin. The broad movement of
offshore water to the south is no longer evident.
By day 60 (Figure 12c) the current has increased
beyond 1 m/s off Perth and Cape Leeuwin (Figure 12f) and
continues to flow from the northern boundary to the eastern
edge of the domain. The eddies appear to migrate seaward
but the current is held against the coast. The cross-
section westward from Cape Leeuwin (Figure 12d) shows the
poleward surface current to be above the shelf-break (~200
m), where the Leeuwin Current would be expected to flow.
This experiment demonstrates that the unique
climatological thermohaline gradient, over the topography
of the region, drives a strong poleward current. Eddies
develop but the topography keeps the current trapped near
the coast.
E. WIND AND THERMOHALINE FORCING OVER TOPOGRAPHY
This experiment is the closest to simulating the LCS
in the annual sense. The model was initialized with full
annual temperature and salinity climatology over realistic
bottom topography, as did the previous experiment. To this
is added the annual wind forcing to build a complete,
annual model of the LCS.
By day 20, (Figure 13a) a poleward warm current has
formed along the coast with speeds to ~80 cm/s, very much
like the no wind case. This current is evident along the
entire coast of Australia bringing warmer temperatures
farther south, faster.
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By day 40 (Figure 13b) the warmest water is found at
the coast with >23°C water along the entire coastline and
above 25°C at Cape Leeuwin. Eddies develop along the coast
but the current continues to be poleward.
By day 60 (Figure 13c), the Leeuwin Current remains
strong, carrying warm, fresh water south and east along the
Australian coast despite the many eddies that have formed
along the coast. Many eddies have spawned; two dipole
pairs are evident southwest of Cape Leeuwin. The cross-
sections (Figures 13d, 13e, 13f) show the equatorward
undercurrent intensifying over time between ~250-500 m
depth, and the poleward Leeuwin Current above the 200 m
contour.
This final and most complete experiment depicts a
realistic LCS and highlights the important role played by
the local topography. With the thermohaline gradient and
topography used in the model, the warm water is trapped
against the coast and the Leeuwin Current is maintained
despite the adverse winds. The results are nearly
identical to experiment 4 with slightly slower current
speeds and greater eddy development. This indicates that
the thermohaline gradient plays a dominant role in driving
the Leeuwin Current. This differs from most other EBC
regions, which are primarily wind driven.
18
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IV. SUMMARY
The objective of this study was to investigate the
roles of wind forcing, thermohaline gradients, and
particularly, topography in the Leeuwin Current System.
Toward this end, five numerical experiments were run, all
on a beta-plane, with a sigma coordinate numerical model,
i.e., the Princeton Ocean Model. The first experiment
determined the pressure gradient error. The second
experiment investigated the effect of annual wind forcing
over a flat bottom. The third experiment investigated the
additional effect of topography. The fourth experiment
investigated the role of the full, annual climatology over
topography without annual wind forcing. The final
experiment was run with full annual climatology and wind
forcing over topography.
Experiment 1, used to evaluate the pressure gradient
error, showed that the velocity errors inherent in sigma
coordinate models could be reduced from ~1 m/s to ~.02 m/s
using three techniques. The techniques used were:
1) smoothing the topography, 2) using the highest possible
resolution, and 3) subtracting the area-averaged density
before computation of the baroclinic integral. The results
showed that the highest velocities (~2 cm/s) were along the
coast where the values of the slope parameter were
greatest.
Experiment 2 showed that the annual wind field,
without a thermohaline gradient or topography forced an
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equatorward surface current. It also produced extensive
upwelling and a poleward undercurrent.
Experiment 3 added the local topography to the annual
wind and horizontally averaged climatology used in
experiment 2. This had the effect of limiting the extent
of upwelling areas as well as the intensity of the
upwelling. The addition of topography also trapped a
poleward surface current inshore of the more dominate
equatorward surface current. The results of experiments 2
and 3 are consistent with other EBC regions, but are
uncharacteristic of the LCS.
Experiment 4 removed the wind forcing but introduced
the annual climatological thermohaline gradient. Without
the annual wind forcing, the effects of the thermohaline
gradient over the topography are isolated. Thermohaline
forcing is the dominant forcing mechanism in the LCS and it
is shown to develop a strong, poleward surface current,
eddies, and an equatorward undercurrent in this experiment.
These features are all characteristics of the LCS.
Experiment 5 brings together the annual wind, annual
climatology, and topography to most accurately represent
the LCS in the annual sense. The results from experiment 5
differ from experiment four primarily in the maximum
current speed and the eddy field. The wind, which opposes
the thermohaline gradient, slows the poleward surface
current slightly and enhances eddy spin-up.
The results of experiments 4 and 5 show that, in the
annual sense, the wind is an almost insignificant factor
compared to the thermohaline gradient. It is the
seasonality of the wind, however, that determines when the
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Leeuwin Current flows. Further research using seasonal
winds and seasonal thermohaline forcing is recommended due
to the seasonal nature of the observed Leeuwin Current.
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Figure 1. The model domain for the Leeuwin Current System
(LCS) is bounded by 39°S to 24°S, 109°E to 121°E. The model
domain has a closed boundary along the entire coast and
four open boundaries.
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Figure 2a. Original topography in meters (from Sandwell
and Smith, 1996) with a resolution of 2 minutes (1/30
degree). Contours depict the shoreline, 200m and 2500m
isobaths.
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Figure 2b. Original topography (meters) in 2-D (from
Sandwell and Smith, 1996) with a resolution of 2 minutes
(1/30 degree).
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Figure 3. Resolution grid lines with every fifth grid line
plotted. (10 by 10 km res. with two bands of 10 by 3 km
and 3 by 10 km resolution)
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Figure 4a. Smoothed topography (meters) obtained after
applying a two-dimensional Gaussian filter and reassigning
depths greater than 2500 m to 2500 m. Contours depict the
shoreline, 200 m and 2500 m isobaths.
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Figure 4b. Smoothed topography (meters) in 2-D obtained
after applying a two-dimensional Gaussian filter and
reassigning depths greater than 2500 m to 2500 m.
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Figure 5. Plot of the 21 sigma levels.
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Figure 6. Annual climatological surface temperature (°C)
from Levitus and Boyer, 1994.
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Figure 7. Annual climatological surface salinity (psu)
from Levitus et al., 1994.
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Figure 8. Annual average wind in m/s from climatological
ECMWF winds obtained from Trenberth et al., 1990.
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Figure 9. Surface velocity error (m/s) due to the pressure
gradient force error on day 60 for Experiment 1.
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Figure 10a. Surface temperatures (°C) and velocity vectors
for Experiment 2 on day 20.
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Figure 10b. Surface temperatures (°C) and velocity vectors
for Experiment 2 on day 40.
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Figure 10c. Surface temperatures (°C) and velocity vectors
for Experiment 2 on day 60.
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Figure 10d. Cross-section of north-south velocities (m/s)
at Cape Leeuwin (34.3°S) for Experiment 2 on day 60. Blue
is poleward (south).
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Figure 11a. Surface temperatures (°C) and velocity vectors
for Experiment 3 on day 20.
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Figure 11b. Surface temperatures (°C) and velocity vectors
for Experiment 3 on day 40.
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Figure 11c. Surface temperatures (°C) and velocity vectors
for Experiment 3 on day 60.
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Figure 11d. Cross-section of north-south velocities (m/s)
at 29°S for Experiment 3 on day 60. Blue is poleward
(south).
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Figure 11e. Cross-section of north-south velocities (m/s)
at Cape Leeuwin (34.3°S) for Experiment 3 on day 60. Blue
is poleward (south).
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Figure 12a. Surface temperatures (°C) and velocity vectors
for Experiment 4 on day 20.
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Figure 12b. Surface temperatures (°C) and velocity vectors
for Experiment 4 on day 40.
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Figure 12c. Surface temperatures (°C) and velocity vectors
for Experiment 4 on day 60.
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Figure 12d. Cross-section of north-south velocities (m/s)
at Cape Leeuwin (34.3°S) for Experiment 4 on day 60. Blue
is poleward (south).
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Figure 13a. Surface temperatures (°C) and velocity vectors
for Experiment 5 on day 20.
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Figure 13b. Surface temperatures (°C) and velocity vectors
for Experiment 5 on day 40.
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Figure 13c. Surface temperatures (°C) and velocity vectors
for Experiment 5 on day 60.
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Figure 13d. Cross-section of north-south velocities (m/s)
at Cape Leeuwin (34.3°S) for Experiment 5 on day 20. Blue
is poleward (south).
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Figure 13e. Cross-section of north-south velocities (m/s)
at Cape Leeuwin (34.3°S) for Experiment 5 on day 40. Blue
is poleward (south).
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Figure 13f. Cross-section of north-south velocities (m/s)
at Cape Leeuwin (34.3°S) for Experiment 5 on day 60. Blue
is poleward (south).
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4 NO FULL YES
5 YES FULL YES
Table 1. Summary of experimental design
Level Depth (m) Level Depth (m) Level Depth (m)
1 0 12 300 23 1400
2 10 13 400 24 1500
3 20 14 500 25 1750
4 30 15 600 26 2000
5 50 16 700 27 2500
6 75 17 800 28 3000
7 100 18 900 29 3500
8 125 19 1000 30 4000
9 150 20 1100 31 4500
10 200 21 1200 32 5000
11 250 22 1300 33 5500
Table 2. Vertical levels and depths used by Levitus and
Boyer (1994) and Levitus et al. (1994)
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Level Sigma Value Level Sigma Value
1 0 12 -0.61538
2 -0.00961 13 -0.69231
3 -0.01923 14 -0.76923
4 -0.03846 15 -0.84615
5 -0.07692 16 -0.92308
6 -0.15385 17 -0.96154
7 -0.23077 18 -0.98077
8 -0.30769 19 -0.99038
9 -0.38462 20 -0.99519
10 -0.46154 21 -1.0
11 -0.53846
Table 3. Values of sigma levels
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